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Scalable Fabrication of Stable High Efficiency Perovskite 
Solar Cells and Modules Utilizing Room Temperature 
Sputtered SnO2 Electron Transport Layer
Longbin Qiu, Zonghao Liu, Luis K. Ono, Yan Jiang, Dae-Yong Son, Zafer Hawash, 
Sisi He, and Yabing Qi*
Stability and scalability have become the two main challenges for perovskite 
solar cells (PSCs) with the research focus in the field advancing toward 
commercialization. One of the prerequisites to solve these challenges is to 
develop a cost-effective, uniform, and high quality electron transport layer that 
is compatible with stable PSCs. Sputtering deposition is widely employed for 
large area deposition of high quality thin films in the industry. Here the composi-
tion, structure, and electronic properties of room temperature sputtered SnO2 
are systematically studied. Ar and O2 are used as the sputtering and reactive 
gas, respectively, and it is found that a highly oxidizing environment is essential 
for the formation of high quality SnO2 films. With the optimized structure, 
SnO2 films with high quality have been prepared. It is demonstrated that 
PSCs based on the sputtered SnO2 electron transport layer show an efficiency 
up to 20.2% (stabilized power output of 19.8%) and a T80 operational lifetime 
of 625 h. Furthermore, the uniform and thin sputtered SnO2 film with high 
conductivity is promising for large area solar modules, which show efficien-
cies over 12% with an aperture area of 22.8 cm2 fabricated on 5 × 5 cm2 
substrates (geometry fill factor = 91%), and a T80 operational lifetime of 515 h.
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the commercialization of perovskite solar 
cells.[2] However there are still two main 
challenges, i.e., long-term device opera-
tional stability and large scale fabrication. 
The device instability issue is complicated, 
being affected by the intrinsic stability 
of perovskite materials,[3] electron trans-
port layer (ETL),[4] hole transport layer,[5] 
electrode materials,[6] and the interfaces 
between the perovskite layer and charge 
transport layers.[7] It has been proposed 
that the most widely used ETL TiO2 is 
one of the important factors responsible 
for light-induced degradation of perov-
skite solar cells.[8] SnO2 is a promising 
candidate to replace TiO2, and a highest 
certificated efficiency of 21.52% has been 
achieved for a planar junction structure 
PSC using SnO2 ETL.[9] Compared with 
TiO2, SnO2 possesses several advantages 
such as higher mobility and better energy 
level alignment.[10] More importantly, use 
of SnO2 as ETL can eliminate/minimize 
degradation of perovskite solar cells induced by TiO2 ETL, 
leading to significantly enhanced operational lifetime under 
continuous light illumination. In a recent work for interface 
tailoring, unencapsulated perovskite solar cells based on SnO2 
ETL indeed show much longer lifetime compared with cells 
based on TiO2 ETL and a much smaller burn in loss.[11]
The second challenge is regarding fabrication of large scale 
perovskite solar modules (PSMs) with performance compa-
rable to what has been achieved for small area cells.[2] With the 
development of large scale deposition of high quality perovskite 
films, there are an increasing number of reports about PSMs.[12] 
The certified efficiency has reached 16.0% with an aperture area 
of 16.29 cm2.[1a] With an advanced solvent and vacuum free pro-
cess for perovskite films, PSMs with a larger aperture area of 
36.1 cm2 reached a certified efficiency of 12.1%.[13] Other than 
the perovskite layer, low-cost and large scale deposition of ETL 
is equally important.[2] So far most PSMs have been fabricated 
using TiO2 ETL, which requires high temperature processing 
and also results in instability issues.[14] Furthermore, due to the 
high resistance of TiO2, a complicated laser patterning process 
is required to remove the coated TiO2 layer in the intercon-
nection area between each subcell to ensure good contact for 
series connection.[15] Without removing the TiO2 layer in the 
SnO2 Electron Transport Layers
1. Introduction
Perovskite solar cells (PSCs) have attracted much attention from 
both academia and industry due to their high performance and 
low cost. Certified efficiency for small area cell has reached 
23.3%.[1] So far more and more efforts are directed towards 
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interconnection can significantly increase series resistance and 
lower PSM performance.[16] In contrast with TiO2, SnO2 could 
be easily coated by low temperature solution process,[10a,17] elec-
trodeposition process,[18] atomic layer deposition,[19] chemical 
bath deposition,[20] electron-beam deposition,[21] and sputtering 
deposition.[22] However, most of the reported results based 
on SnO2 ETL are small area devices and large area PSMs are 
rare.[14] Among these different types of technology, sputtering 
deposition is promising for large scale, low-cost, and uniform 
deposition with the use of low-cost SnO2 target. To date there 
are only two reports using sputtering of SnO2 for perovskite 
solar cells, but the reported efficiency is only 14% for an area of 
0.09 cm2 due to the unoptimized structure.[23] Besides the better 
uniformity across large area achieved by sputtering deposition, 
the higher conductivity of SnO2 compared with TiO2 can also 
help improve the interconnection between sub-cells in PSMs. 
Although use of SnO2 as ETL in perovskite solar cells has 
shown some initial success, it remains elusive regarding how its 
morphology, composition, and crystallinity affect the device per-
formance. Furthermore, the current high efficiency perovskite 
solar cells based on SnO2 ETL use spin coated SnO2 with a small 
thickness of 25 nm, which can cause issues (e.g., fringe effects, 
pinholes, film thickness variation across a large area, etc.) when 
upscaling from small solar cells to large solar modules.
Here we report a study on room temperature sputtered SnO2 
ETL for high-efficiency and stable perovskite solar cells and 
modules. The efficiency for small area cells reaches 20.2%, with 
19.8% stabilized power output, in a planar structure. We show 
that the surface morphology, composition, and surface traps 
state (–OH) are critical for fabrication of high performance 
devices. A highly oxidizing environment is key to obtaining 
high quality SnO2 films. Our ultraviolet photoemission spec-
troscopy (UPS) results show that with prolonged sputtering 
time and higher Ar gas ratio, Ar sputtering can induce more tail 
states above the valance band, which increases charge recom-
bination thus lowers open-circuit voltage (VOC). Crystallinity is 
not a determining factor for device performance. These SnO2 
films are deposited under room temperature and are amor-
phous, with an optimized thickness in the range of 10–20 nm. 
The operational stability of perovskite devices based on such 
SnO2 films shows a T80 lifetime of 625 h (350 h including the 
initial exponential loss). Due to the high conductivity of SnO2, 
high performance and stable modules are fabricated without 
removing the ETL in the interconnection area when patterning. 
For the first time mini-modules based on the SnO2 ETL with an 
aperture area of 22.8 cm2 and six cells in series connection have 
been fabricated demonstrating an efficiency over 12%.
2. Results and Discussion
The film quality of the sputtered SnO2 is mainly determined 
by the deposition conditions and is systematically optimized 
for perovskite solar cells in this work. SnO2 is generally an 
n-type semiconductor due to the existence of intrinsic defects 
such as oxygen vacancies and tin interstitials.[24] On the other 
hand, the Sn2+ related oxide SnO exhibits p-type properties and 
relatively high hole mobility originated from the tin vacancy. 
The preparation of p-type SnO is a major topic for thin-film 
transistors.[25] There are both Sn2+ and Sn4+ inside the SnOx 
film during the synthesis and coating process.[26] It has been 
reported that during the synthesis of SnOx, the SnO content in 
either sputtering deposition process or solution process can be 
easily controlled. For example, in the hydrothermal synthesis of 
SnOx from SnCl2 precursor, an O2-deficient atmosphere leads 
to p-type SnO dominated products.[26b] Using sputtering depo-
sition, a slight change of sputtering power may change the as-
prepared thin film from n-type to p-type.[27] When changing 
the reactive environment from Ar gas to H2 gas, the SnO con-
centration also increases.[26a] For high performance solar cells 
based on SnO2 ETL, an intrinsic n-type SnO2 is needed, with 
controlled composition, morphology, and optical/electronic 
properties. A minimal amount of SnO inside the SnOx is 
critical for high performance perovskite solar cell devices.
2.1. SnO2 Deposition Condition
Figure 1a is a schematic drawing showing the sputtering deposi-
tion process performed in this work and details can be found in 
the Experimental Section. The plasma deposition may influence 
the bottom layer structure and also the deposited layers, which 
is similar to the previous report on the conventional silicon 
photovoltaics.[28] For example, when depositing amorphous 
a-Si:H on SnO2 by plasma enhanced chemical vapor deposition, 
the plasma takes away some oxygen from SnO2 surface and 
deteriorates its optical/electronic properties, which decreases 
the junction performance in a-Si:H solar cells.[29] This induced 
damage can also be observed from Ar plasma treated SnO2.[30] 
As shown in Figure 1b and Figure S1a (Supporting Information) 
clear gap states develop at a binding energy at around 2.6 eV. The 
gap states can also develop under vacuum annealing, or other 
reducing environment.[31] For example, it has been reported that 
these gap states can form for annealing temperatures above 
600 K.[32] These gap states are associated with Sn-5s electrons 
that become occupied as the surface reduces to form a Sn2+ sur-
face layer.[32] As shown in Figure 1c, the formation of the gap 
states weakens the hole blocking properties of SnO2 ETL and 
leads to increased recombination.
2.1.1. Deposition Power
To lower or eliminate the undesirable effect of Ar plasma sput-
tering deposition on SnO2, it is helpful to use the minimum Ar 
sputtering treatment, which is achieved by adjusting the sput-
tering power, deposition time and O2/Ar gas ratio. As a starting 
point, we first study how the deposition rate of the film will 
influence the film quality. The deposition rate is determined by 
the sputtering power. A slow deposition is necessary for depos-
iting uniform and smooth SnO2 films, which is also important 
for perovskite solar cell devices. More importantly, a higher 
deposition rate requires a higher power, which can induce more 
defect states.[33] For SnO2 films deposited with different rates, 
the film thickness is kept to be constant (35 nm) by adjusting 
the deposition time accordingly. The condition of 90% O2 reac-
tive environment was used to minimize the Ar+ sputtering effect. 
The composition of the thin film surface with a similar thickness 
Adv. Funct. Mater. 2019, 29, 1806779
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of 35 nm has been characterized by X-ray photoelectron 
spectroscopy (XPS). As shown in Figure S2 (Supporting Infor-
mation) the core levels of Sn 3d5/2 and O 1s confirm that there is 
no Sn2+ in the as-deposited SnO2 films. For the fluorine-doped tin 
oxide (FTO) substrate, the Sn 3d5/2 can be fitted into two peaks 
at 486.8 and 487.3 eV, which can be ascribed to Sn–O and Sn–F, 
respectively.[34] The slowly deposited SnO2 thin films show a core 
level of Sn 3d5/2 exhibiting a symmetric shape with a centered 
peak at 486.8 eV, which can be assigned to Sn4+, and no Sn2+ is 
observed (485.9 eV).[26a,c] For O 1s there are two peaks with one at 
530.6 eV assigned to O–Sn4+, and the other at 531.8 eV assigned 
to adsorbed oxygen species such as the hydroxyl group (–OH). 
No O–Sn2+ peak at 529.8 eV is observed.[26c,35] However, in 
Figure S2a (Supporting Information) for a 35 nm thick SnO2 film 
deposited with a higher rate we can still observe the substrate 
signal. The Sn 3d5/2 core level shifts to a higher binding energy 
and close to the substrate FTO Sn 3d5/2. As shown in Figure S3 
(Supporting Information) atomic force microscopy (AFM) 
images of SnO2 films deposited with a rate of 0.7 and 3.5 nm 
min−1 show different surface roughness. With a slower deposi-
tion rate (0.7 nm min−1), the root mean square (RMS) roughness 
is smaller (25 ± 2 nm) than faster deposition (28 ± 2 nm), and 
also lower than the FTO substrate (28 ± 2 nm).
The sputtered SnO2 films show high transmittance in the 
visible light region, with an optical bandgap of ≈3.99 eV (Figure S4, 
Supporting Information). These properties make SnO2 a 
promi sing ETL to replace TiO2. Perovskite solar cell devices 
based on these sputtered SnO2 films have been fabricated. The 
typical perovskite material CH3NH3PbI3 (MAPbI3) is used in 
this work to evaluate the SnO2 properties. We used a planar 
structure as shown in Figure S5 (Supporting Information). We 
can observe from Figure 1d that the device performance with 
a slower deposition rate is better. The VOC for devices with a 
slower deposition rate is much higher, which can be due to the 
high coverage and less defect states above the valance band 
maximum (Table S1, Supporting Information).
2.1.2. SnO2 Thickness
Second we study the effect of the SnO2 film thickness by using 
different sputtering time. With a thickness increasing from 
0 to 10 nm using a deposition rate of 0.7 nm min−1, the SnO2 
film could fully cover the FTO substrate. No substrate signal is 
observed for the Sn 3d5/2 core level (Figure S6a, Supporting 
Information). As the SnO2 film thickness increases, VOC keeps 
decreasing (Figure S6b and Table S2, Supporting Information). 
In addition, the fill factor first increases, due to the better selec-
tive charge extraction and transport, and then decreases due to 
the increased resistance. To deposit a film with an increased 
Adv. Funct. Mater. 2019, 29, 1806779
Figure 1. Structure and performance of sputtered SnO2 films with different argon sputtering power. a) Schematic drawing showing the sputtering 
deposition process. b) UPS spectra (y axis in log scale) showing  the valance band of SnO2 before and after 4 kV Ar sputtering process for 30 s. c) 
The energy diagram that illustrates the principle of suppressing surface charge recombination by reducing the tail states that are caused by strong Ar 
sputtering. d) Typical J–V curves of the devices fabricated using different deposition rates of SnO2.
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thickness, longer sputtering time is required. The decreased 
VOC upon thickness increase is likely a result of the prolonged 
exposure to Ar+ plasma, which has been reported to affect the 
surface properties of SnO2 films.[36] The sputtering process can 
help clean deposited SnO2 film surface with less adsorbed oxygen 
groups (Figure S6c, Supporting Information).[36] However, pro-
longed Ar+ plasma exposure can also induce gap states above 
the valance band (Figure S6d, Supporting Information). The best 
performing devices are obtained using the SnO2 film with a thick-
ness of 17 nm, showing the highest fill factor and the second 
highest VOC among all devises in this study (Table S2, Supporting 
Information). Therefore, we propose that using a sputtering 
process, the SnO2 ETL with a thickness of ≈17 nm is optimal.
2.1.3. Oxidizing Environment
To further reduce the gap states, the oxidizing environment 
(characterized by the ratio between O2 and Ar) is varied. It is dif-
ficult to observe the electronic structure difference in the valance 
band from UPS for SnO2 with different reactive environments 
(Figure 2a,b). However, the device performance is consistent 
with the increasing oxygen ratio for sputtering (Figure 2c). 
The increase of fill factor is also consistent with the report that 
decreasing Ar ratio during sputtering results in a lower resi-
stance for the SnO2 film.[33a] When the oxygen ratio is over 90% 
the devices show the highest performance and not much dif-
ference is observed with an even higher oxygen ratio (Table S3, 
Supporting Information). To better understand the device per-
formance difference and the chemical bonding of the films, we 
analyzed the O 1s peaks by peak fitting. The individual peaks at 
lower and higher binding energies are originated from the lattice 
oxygen atoms in a fully coordinated environment (Sn–O–Sn), 
and the hydroxide species (Sn–OH), respectively.[35] Here we 
show that when increasing the O2 content during sputtering, the 
–OH associated peak decreased on the SnO2 surface, as illus-
trated in Figure 2d. The peak corresponding to the Sn–O–Sn 
backbones, which serves as electron conductance pathways, is 
more prominent under the higher oxygen ratio deposition con-
dition, and the peak corresponding to Sn–OH, playing a role as 
shallow trap sites, is slightly weaker under the higher oxygen 
ratio condition.[37] The extensive presence of Sn–OH is due 
to incomplete oxidation of the oxide lattice, which decreases 
the mobility of SnO2 and hinders electron transport and/or 
lowers hole blocking property.[38] The decreasing of –OH could 
also help enhance charge extraction and is consistent with the 
time resolved photoluminescent (TRPL) spectra (Figure S7 
and Table S4, Supporting Information). The resulting curves 
Adv. Funct. Mater. 2019, 29, 1806779
Figure 2. Electronic properties and performance of SnO2 films deposited with different reactive environment. a) Work function of SnO2 films deposited 
with different oxygen ratio. b) Valance band of SnO2 films deposited with different oxygen ratio. c) J–V curves of MAPbI3 devices based on the SnO2 
films deposited with different oxygen ratio. d) XPS O 1s core level of the SnO2 films deposited with different oxygen ratio.
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are fitted by a double exponential model with a fast and slow 
photoluminescence decay time constants (τ1 and τ2).[39] The fast 
decay time constant τ1 corresponds to the quenching of charge 
carriers by electron extraction from MAPbI3 to SnO2.[40] With 
the increasing of oxygen ratio in the reactive environment, the 
fast time constant decreased from 4.6 ± 0.3 ns for MAPbI3 on 
FTO to 3.7 ± 0.2 ns for MAPbI3 on SnO2 deposited with oxygen 
ratio higher than 80%. While in a mild or low oxidizing envi-
ronment, the deposited SnO2 film only shows slightly improved 
electron extraction properties (slightly decreased τ1) compared 
with FTO substrate. This observation also implies that a higher 
oxygen ratio reactive environment could help deposit SnO2 
with higher quality for charge extraction.
2.1.4. SnO2 Crystallinity
To improve the quality of sputtered SnO2 films, the film 
crystallinity has been investigated. Typically room tempera-
ture sputtered SnO2 films comprise nanometer-sized crystals 
embedded in an amorphous matrix.[33b] One way to improve 
the quality of SnO2 film is to perform post annealing, which 
can help improve the crystallinity, mobility, and carrier den-
sity.[41] As shown in Figure S8 (Supporting Information), when 
the temperature is higher than 300 °C, the (110), (101), (220), 
and (211) peaks are observed.[10a] The crystallinity improves 
as the annealing temperature is further increased to 500 °C. 
However, although we expect higher performance with mild 
post annealing, the devices performance keeps decreasing with 
increasing annealing temperature (Figure S9 and Table S5, 
Supporting Information). As we can see from the AFM images 
of SnO2 with different annealing temperature in Figure S10 
(Supporting Information) the RMS roughness on average 
is around 25 nm before and after annealing, thus the mor-
phology might not be the main cause for inferior performance. 
Annealing of SnO2 films can introduce a variety of changes in 
the films, such as carrier density change, unbalanced charge 
transport between ETL/perovskite and hole transport layer/
perovskite, structural imperfections, disruption of ordering, 
sub-nanometer crystallinity, and surface roughness.[41] We 
propose that the decreased performance is a result of one or 
a combination of several of the factors mentioned above. Here 
we show that room temperature sputtering deposition of SnO2 
without post annealing shows the best performance.
Adv. Funct. Mater. 2019, 29, 1806779
Figure 3. Perovskite solar cell device performance. a) Cross-section SEM of perovskite solar cell. b) J–V curve and c) EQE and related integrated current 
density of the champion device based on the sputtered SnO2 ETL and MAPbI3. d) The plot of normalized PCE as a function of operation time to evaluate 
the stability of solar cell under continuous light illumination.
www.afm-journal.dewww.advancedsciencenews.com
1806779 (6 of 9) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
2.2. Perovskite Solar Cells and Modules
2.2.1. Small Area Cells and Operational Stability
The cross-section image of the solar cell device in Figure 3a 
demonstrates the high quality and uniform fabrication of the 
device. With the optimization of the morphology, composition, 
and surface properties of sputtered SnO2, an efficiency of 17.8% 
has been obtained for planar junction device based on MAPbI3 
(Figure 3b). Compared with our previous developed room tem-
perature sputtered TiO2 ETL (PCE 16.4 ± 0.7%), the cells based 
on the SnO2 (PCE 16.7 ± 0.5%) ETL shows better performance, 
as a result of the higher conductivity, larger carrier mobility, and 
smaller thickness.[8a] SnO2 has high transmittance in visible 
light region (Figure S3, Supporting Information) and a deep 
valence band, which helps better block the hole, and decrease 
recombination at the SnO2/perovskite interface (Figure 2b). 
The high JSC of 22.2 mA cm−2 is consistent with incident 
photon-to-electron conversion efficiency (IPCE) integrated JSC 
of 22.0 mA cm−2, which also confirms the high transmittance 
of the SnO2 layer.
Another advantage of the SnO2 based perovskite solar cells 
when compared with TiO2 is the higher operational stability and 
longer lifetime. In our previous study the planar structure perov-
skite solar cell devices based on sputtered TiO2 show a T80 life-
time less than 100 h, and the lifetime is even shorter when using 
crystalline TiO2 ETL due to enhanced photocatalytic properties of 
TiO2.[8a] The lifetime could reach 250 h, after an interface modi-
fication process, which inevitably adds up the complexity of the 
fabrication process.[8a] Here the operational lifetime of MAPbI3 
solar cell based on SnO2 ETL was measured under maximum 
power point with continuous light illumination, under 45 °C 
(Figure 3d). This protocol is also considered to be the most reli-
able way to test operational stability.[42] Two stages are observed 
for the performance degradation, with the initial “burn-in” expo-
nential loss followed by a linear one.[42] With considering the 
initial exponential losses, the best T80 lifetime reaches 350 h 
with the average lifetime over 200 h (Figure S11, Supporting 
Information), which is substantially longer than the lifetime of 
perovskite solar cells based on sputtered TiO2 ETL reported in 
our previous paper.[8a] If we make extrapolations disregarding 
the (potentially reversible) initial exponential losses, the T80 
lifetime reaches 625 h with the linear slope of −0.0321% h−1.[42]  
Also the initial “burn-in” process is short which is consistent 
with a recent report that compares solution deposited SnO2 and 
TiO2.[11] However even for SnO2 based planar junction devices 
there still exist hysteresis (Figure S12, Supporting Information) 
and further interface modification or change of perovskite mate-
rials may help eliminate this effect.[17,19,41,43]
Due to the mismatch of the energy level between SnO2 and 
MAPbI3 (Figures S13–15, Supporting Information), the perfor-
mance of sputtered SnO2 based devices is lower than expecta-
tion. To make full use of this low temperature sputtered SnO2 
as high performance ETL, a recently reported mixed perovskite 
Cs0.06MA0.27FA0.67PbI2.7Br0.3 solar cell has shown better energy 
level alignment and smaller bandgap (1.55 eV) (Figure S14, 
Supporting Information).[10b,44] Due to improved energy level 
alignment, VOC is improved from 1.04 to 1.08 V compared 
with MAPbI3. Also the hysteresis is decreased (Figure S16, 
Supporting Information). A hero device showed reverse scan 
efficiency of 20.2% and stabilized power output of 19.8% 
(Figure 4a,b). With a smaller bandgap JSC is improved up to 
22.8 mA cm−2 from IPCE data (Figure 4c). Due to the uniform 
sputtering process, the reproducibility is high, with all the 
devices show performance over 18% (Figure 4d).
2.2.2. Perovskite Solar Modules and Operational Stability
Sputtering deposition is promising for large scale module fab-
rication. Sputtering is an industry compatible process for large 
scale and uniform film deposition. Here PSMs with a geometric 
fill factor of 91% have been fabricated as shown in Figure 5a 
and Figure S17 (Supporting Information). In a 5 cm × 5 cm 
substrate, there are six sub-cells in series connection. Between 
each cell there is a 200 µm width line (P1) patterned by laser 
to separate FTO stripes, with a dimension of 7.75 mm by 
49 mm (Figure S17, Supporting Information). After coating 
SnO2, perovskite and spiro-MeOTAD, one more line (P2) with a 
width of 200 µm is patterned by CO2 laser to expose the bottom 
FTO electrodes to form the series connections between the 
cells. For P2 cutting, the laser wavelength and energy need be 
fine controlled to only remove the top layer but keep the FTO 
layer undamaged.[15] However this process requires a more 
complicated laser system. Without removing the bottom ETL 
such as TiO2 will significantly increase the series resistance 
thus lower the performance when scaling up to a module.[16] 
By using SnO2 here the P2 process is easier to control. SnO2 
shows ten times higher conductivity (1.7 × 10−3 S cm−1) 
than TiO2 (10−4 S cm−1). The sheet resistance of transparent 
conductive electrode with ultrathin (≈17 nm) SnO2 films 
increases only slightly from 7.1 to 7.3 Ω/□, while between 
the FTO stripes there is still infinite resistance. All these fac-
tors contribute to a lower laser pattering energy from a simple 
CO2 laser system. After evaporating gold electrodes, each cell 
is separated by cutting with a knife to form P3 patterning. The 
PSMs with an aperture area of 22.8 cm2 show a best efficiency 
of 12.03% (Figure 5b), with an average efficiency of 10.8% 
(Table S6, Supporting Information). Consistent with small area 
cells, the T80 operational lifetime of the solar module reaches 
515 h, with a decay rate of 0.0388% h−1 for PCE (Figure 5c). 
These results show that sputtered SnO2 is promising for high 
stability efficient solar cells/modules.
3. Conclusion
In summary, the structure and properties of sputtered SnO2 
films have been studied. In a highly oxidized reactive envi-
ronment, high quality SnO2 films have been fabricated. By 
minimizing Ar in the reactive environment the gap state is min-
imized. Also surface absorbed oxygen groups are reduced. With 
the optimized morphology and surface structure of SnO2 ETL, 
perovskite solar cells exhibit an efficiency of 20.2%. In addition, 
this high quality SnO2 ETL is promising for large scale perov-
skite solar modules. As a demonstration, PSMs with aperture 
area of 22.8 cm2 and six cells in series connection are fabricated 
and show an efficiency over 12%. To summarize, sputtering 
Adv. Funct. Mater. 2019, 29, 1806779
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SnO2 is a cost-effective, efficient electron transport mate-
rial for high stability efficient perovskite solar cells/modules 
towards commercialization.
4. Experimental Section
Preparation of SnO2 Films: SnO2 was deposited by sputtering (Vacuum 
Sputter Deposition System, CAM-S, ULVAC). The SnO2 (4 N, Furuuchi 
Chemical) was deposited in a condition of 10 sccm O2/Ar mixture with 
a power of 60 W for 25 min. An oxygen-rich condition is necessary 
to ensure that the majority of Sn in the film is Sn4+, while argon gas 
is typically required for plasma triggering. The oxygen ratio of 70%, 
80%, 90%, and 100% were used while keeping the pressure inside the 
sputtering chamber at around 0.2 Pa. For different deposition rate, 40, 
60, and 100 W were applied while keeping the deposition film with a 
thickness of 35 nm. Although even slower deposition rates might give 
better coverage, the time should also be considered. Here a deposition 
rate of 0.7 nm min−1 (60 W) is chosen for further properties investigation. 
This sputtering deposition is promising for conformal coating.
Solar Cell/Module Fabrication: The glass/FTO with sheet resistance 
≈7 Ω/□ (OPVT) was sequentially washed with 1 wt% sodium dodecyl 
sulfate aqueous, deionized water, acetone, and isopropanol. After 
deposition of electron transport layer, the substrate was under UV-Ozone 
treatment for 15 min before use. For antisolvent deposition process, 
the solution of MAPbI3 (1.2 m) was made by mixing PbI2 (TCI) and MAI 
(Dyesol) into a dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) 
mixed solvent (v/v = 7/1). For the MAPbI3 layer, the solution was cast onto 
substrates and spin coated at 2800 rpm for 25 s. After 7 s of spinning, 
200 µL of diethyl ether was drop cast onto the film. The MAPbI3 film was 
formed after annealing at 100 °C for 30 min in a 5% humidity box. For 
Cs0.06MA0.27FA0.67PbI2.7Br0.3, a two-step coating process was applied as 
reported.[44] First 1.3 m PbI2/CsI (6%) DMF solution was spin coated inside 
glovebox. After annealing at 80 °C for 10 min the substrates were cooled 
down. Then MAI/FAI/MABr/MACl (20 mg/40 mg/5 mg/5 mg in 1 mL IPA) 
solution was cast on the substrate and spin coated. The mixed perovskite 
film was formed by annealing in air. For solar cell fabrication, a hole transport 
material solution (72.5 mg mL−1 of spiro-MeOTAD (2,2′,7,7′-tetrakis (N,N-
di-p-methoxyphenylamine)-9,9-spirobifluorene), 17 µL mL−1 of lithium 
bis(trifluoromethylsulfonyl) imide solution (520 mg mL−1 in acetonitrile) 
and 28.75 µL mL−1 of 4-tert-butylpyridine in chlorobenzene) was spin coated 
at 3000 rpm for 30 s on top of MAPbI3 film. Finally, an 80 nm thick Au 
film was deposited to complete the solar cell. For module fabrication, after 
coating spiro-MeOTAD the modules were patterned by a CO2 laser cutter to 
expose the bottom FTO electrode for series connection. After deposition of 
120 nm thick Au the substrate was cut by a fine controlled blade to separate 
each cells.
Characterization: The thickness of the amorphous SnO2 layer and 
perovskite active layer was measured with a surface profiler (Bruker Dektak 
XT). The transmittance and absorbance spectra were measured with a UV–
vis spectrometer (Jasco V-670). The surface morphology was performed 
in an atomic force microscope (Asylum). The UPS and XPS spectra were 
recorded from an X-ray photoelectron spectrometer (XPS-AXIS Ultra 
HAS, Kratos) equipped with monochromatic Al-Kα = 1486.6 eV and 
nonmonochromatic He–I = 21.22 eV sources. UV and X-ray induced sample 
damage was monitored by taking five consecutive scans and by comparing 
these spectra. Crystal structure of SnO2 was characterized with an X-ray 
diffractometer (XRD) (Bruker D8 Discover). J–V curves were recorded 
by a Keithley 2420 Source Meter under illumination (100 mW cm−2) 
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Figure 4. Device performance for the perovskite solar cells based on the mixed perovskite. a) J–V scan, b) maximum power point output, and c) EQE 
of the champion device based on the sputtered SnO2 ETL and Cs0.06MA0.27FA0.67PbI2.7Br0.3. d) Statistical performance data of devices based on the 
sputtered SnO2 ETL and Cs0.06MA0.27FA0.67PbI2.7Br0.3.
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of simulated AM1.5 solar light coming from a solar simulator (Oriel-Sol1A 
equipped with a 350 W Xe lamp and an AM1.5 filter). The light intensity 
was calibrated using a reference Si solar cell. The effective area of 0.09 cm2 
for small cells was defined by an aperture. For stability measurements, 
the devices were connected to a load resistance of 180 Ω and every 
30 min a current–voltage scan was operated for each cell by sweeping 
the voltage from reverse to forward bias conditions (forward sweep) then 
forward to reverse bias conditions (reverse) with a scan rate of 50 mV s−1. 
A homemade program was used to record current–voltage scan every 
30 min. No UV-filters were used, i.e., the UV component was included 
while under illumination. The stability measurement was performed 
in a nitrogen box with a maximum RH of 5%. The EQE spectra were 
characterized by an IPCE measurement system (Oriel IQE 200).
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